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The Arctic is becoming warmer at a high rate, and contractions in the extent of sea ice are
currently changing the habitats of marine top-predators dependent on ice. Polar bears
(Ursus maritimus) depend on sea ice for hunting seals. For these top-predators, longer
ice-free seasons are hypothesized to force the bears to hunt for alternative terrestrial
food, such as eggs from colonial breeding birds. We analyzed time-series of polar bear
observations at four locations on Spitsbergen (Svalbard) and one in east Greenland.
Summer occurrence of polar bears, measured as the probability of encountering bears
and the number of days with bear presence, has increased significantly from the
1970/80s to the present. The shifts in polar bear occurrence coincided with trends for
shorter sea ice seasons and less sea ice during the spring in the study area. This resulted
in a strong inverse relationship between the probability of bear encounters on land and
the length of the sea ice season. Within, 10 years after their first appearance on land,
polar bears had advanced their arrival dates by almost 30 days. Direct observations of
nest predation showed that polar bears may severely affect reproductive success of the
barnacle goose (Branta leucopsis), common eider (Somateria mollissima) and glaucous
gull (Larus hyperboreus). Nest predation was strongest in years when the polar bears
arrived well before hatch, with more than 90% of all nests being predated. The results
are similar to findings from Canada, and large-scale processes, such as climate and
subsequent habitat changes, are pinpointed as the most likely drivers in various parts
of the Arctic. We suggest that the increasing, earlier appearance of bears on land in
summer reflects behavioral adaptations by a small segment of the population to cope
with a reduced hunting range on sea ice. This exemplifies how behavioral adaptations
may contribute to the cascading effects of climate change.
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Introduction
Understanding causes and consequences of climate-related shifts
in ecosystem functioning, as well as the role of focal species in
these processes, is currently a dominant theme in ecology. In the
Arctic, temperature has increased at a rate two to three times
faster than at southerly latitudes (Post et al., 2009). As a conse-
quence, the rapid environmental changes that are taking place
can be directly attributed to global warming (Gilg et al., 2012).
The decrease in the extent of sea ice is on the order of 5% per
decade in the Arctic (Liu et al., 2004; Serreze et al., 2007), and
it is expected that this trend of disappearing sea ice will con-
tinue with the strongest losses predicted in the southern Arctic
seas, including the Barents Sea area. Changes in the physical
environment linked with global warming have become evident
in the marine food web, for example, by shifts in the breeding
phenology of sea birds (Barbraud and Weimerskirch, 2006; Moe
et al., 2009). The Arctic terrestrial ecosystem has been affected
as well, which includes changes in ecosystem functioning such as
increased primary production (Madsen et al., 2011; Sistla et al.,
2014).
One of the species directly affected by global warming is the
polar bear (Ursus maritimus) whose life history is closely tied
to sea ice (Lunn and Stirling, 1985; Ramsay and Hobson, 1991).
Evidence is accumulating that polar bears are suffering from a
warming climate and associated loss of sea ice habitat (Stirling
et al., 1999; Derocher et al., 2004; Stirling and Derocher, 2012). It
is expected that continued sea ice reductions will severely affect
polar bear populations (Durner et al., 2009), which will force
them into terrestrial ecosystems during the summer months in
search of food (Stempniewicz, 1993; Drent and Prop, 2008; Rock-
well and Gormezano, 2009; Smith et al., 2010; Hanssen et al.,
2013; Prop et al., 2013; Iverson et al., 2014). Several studies have
documented that polar bears on land can potentially have a large
impact on their prey, in particular when bears feed on bird eggs
(Drent and Prop, 2008; Smith et al., 2010; Prop et al., 2013;
Iverson et al., 2014).
The occurrence of polar bears on land raises two fundamen-
tal questions. Firstly, what are the underlying causes of this shift?
A major cause could be related to changes in sea ice conditions,
as suggested by Iverson et al. (2014). Secondly, what is the role
of polar bears as a novel top-predator in terrestrial habitats near
the coast? To examine the role of polar bears in these terrestrial
habitats, direct observations are needed, and these should be car-
ried out including the periods before and after the appearance of
bears.
In this paper, we document changes in the summer distribu-
tion of polar bears by exploring their relative presence at several
locations on Spitsbergen and one location in Greenland. Based
on the patterns of occurrence, which were collected over a period
of >40 years, we assess the factors that may have contributed to
the summer range expansion of polar bears. We test the hypoth-
esis that the bear incursions on land are related to changes in sea
ice conditions. Furthermore, we explore the effects of polar bears
on the reproductive success of colonial breeding birds at one of
our study locations.
Methods
Study Areas
Observations were collected along the west coast of Spitsber-
gen, which is the largest island in the Svalbard archipelago, and
the east coast of Greenland. The study areas on Spitsbergen are
composed of flat tundra stretches of up to 15 km wide, delin-
eated by steepmountains and glaciers (Hisdal, 1998). Large fjords
intersect the area, and islands are scattered along the coast, with
many of these areas hosting breeding colonies of barnacle geese
(Branta leucopsis), common eiders (Somateria mollissima) and
glaucous gulls (Larus hyperboreus). Further bird nesting aggre-
gations occur on tundra flats [e.g., colonies of pink-footed geese
(Anser brachyrhynchus)], shore cliffs, andmountains (Kovacs and
Lydersen, 2006).
Traill Island is part of the North East Greenland coastal fringe
that is deeply indented by a network of long fjords. At the outer
coast, the extent of annual landfast ice is delineated by a sharp ice
edge that separates it from southward moving drift ice of varying
extent, originating from the Arctic Ocean. The coastal zones con-
tain breeding habitats for several bird species (Boertmann, 1994).
In contrast to Svalbard, barnacle geese breed here exclusively on
cliffs, and this applies also to small aggregations of glaucous gulls.
Arctic terns (Sterna paradisaea), common eiders and long-tailed
ducks (Clangula hyemalis) mainly nest on small rocky islands.
These species may delay onset of breeding until ice breakup in
mid-July.
We compiled data from a total of five locations in Svalbard
and Greenland: Hornsund, Bellsund, Nordenskiöldkysten, and
Kongsfjorden on the west coast of Spitsbergen (77–79◦N); and
Traill Island on the east coast of Greenland (72–73◦N) (Figure 1).
Descriptions of these locations are in Supplement 1.
Biological Data
Bear Occurrence
Observations were initiated in the 1970s or 1980s and contin-
ued until recently (Table 1). We restricted our analyses to June–
July on Spitsbergen and 15 June–15 August in Greenland, where
coastal ice breaks up later. The time spent by the biologists in the
field averaged over the years and locations was 44 days, but this
varied among years and locations (Supplement 1, Table S1).
The five locations differed in the way the observations were
recorded and which data were obtained (Table 1). From all the
locations, we had information on “annual bear presence,” which
is a binary variable denoting whether at least one bear had
been observed or not. However, all polar bear observations were
recorded in Nordenskiöldkysten, Kongsfjorden and Traill Island,
which enabled us to calculate the number of bear days (e.g., two
bear days may result from either two individuals being present
for 1 day or one bear staying for 2 days).
Study localities may have differed in observation effort and
detectability of bears. On Nordenskiöldkysten, daily observa-
tions were collected from several vantage points, including an
observation tower that provided an extensive overview over the
wide landscape. No observation towers were used at the other
locations, but the nearby surroundings were scanned for polar
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bears as a measure of field safety. In all cases, the observations
were done by experienced observers while doing fieldwork, typ-
ically on breeding birds. The spatial and temporal scale of the
fieldwork was comparable between successive years within loca-
tions. We expect that any differences in detection probabilities
were consistent over the years; thus, they should not affect any of
the trends that we report.
Predation Rates on Birds
Polar bear predation rates on birds were obtained on Nor-
denskiöldkysten during the years 2004–2014 (all years except
2005–2006). On the island Diabasøya, which hosts the main bird
FIGURE 1 | Location of the study areas: (1) Hornsund, (2) Bellsund, (3)
Nordenskiöldkysten, (4) Kongsfjorden (1–4 on Spitsbergen, Svalbard)
and (5) Traill Island (east Greenland). Supplement 1 provides detailed
maps of each of the areas (Figure S1), a photographic impression of the study
animals (Figure S2), and a map indicating the locations of sea ice extractions
(Figure S3).
colony of the area (Supplement 1, Figure S1), nests were mon-
itored 6–16 h per day during the period that nesting geese or
eiders were present. An observation tower on the mainland pro-
vided a good view of the island, which was 100m off shore.
Nests in view of the tower were mapped on high-resolution pho-
tographs of the island, which enabled us to assess the breeding
history of individual birds. The species concerned were the bar-
nacle goose, common eider and glaucous gull. As gull nests were
not restricted to the island, all nests on rocky outcrops in adjacent
bays visible from the observation tower were also recorded. Daily
nest records included the following categories: settling (nest own-
ers exhibit territorial behavior, and/or extensive nest building),
incubating, nest predated (eggs or chicks taken by polar bear),
nest successful (at least one egg hatching), and nest abandoned
(nest owners abandon the nest territory, usually associated with
removal of eggs by glaucous gulls). After the breeding season, all
nests in the colony were mapped to determine the total number
of nest sites for each species. Geese and eiders were only vulner-
able to polar bear predation during the egg phase and during
the first day after hatching, after which they departed from the
colony; glaucous gulls had an extended period of predation as
unfledged chicks stayed in the colony. Further details are given
in Supplement 1 (Methods—Establishing predation rates).
We calculated two measures of predation intensity. (1) For
each observation year (2004, 2007–2014), the closely mon-
itored nests were used to calculate the proportion of pre-
dated nest attempts for species S as PNPs = (number of nest
predationss)/(number of nest attemptss). We obtained this mea-
sure only for barnacle geese and glaucous gulls as the num-
ber of common eider nests in view was too low to assume an
unbiased sample. (2) In 2009–2014, we determined the number
of bear predations by non-stop records of polar bear behavior
in the breeding colony. For these years, we obtained a mea-
sure of predation intensity, which is different from the previ-
ous measure by considering the number of (physical) nest sites
rather than nest attempts: the predation ratio PRs = (number of
predationss)/(number of nests locationss). This ratio may exceed
1.0 as a nest site may be used by several successive individu-
als, and thus potentially predated multiple times through the
season. Further details are given in Supplement 1 (Methods—
Establishing predation rates).
TABLE 1 | Summary of variables on biological data and sea ice acquired for the different locations.
Nordenskiöldkysten Kongsfjorden Traill Island Hornsund Bellsund
BIOLOGICAL DATA DURING SUMMER
Bear presence (0 or 1) 1977–2014 (25) 1982–2014 (26) 1988–2013 1972–2012 (30) 1987–2010
Bear days 1977–2014 (25) 1982–2014 (26) 1988–2013
Bear occurrence dates 2004–2014 (9)
Bear predation rates on birds 2004–2014 (9)
SEA ICE DATA
Large-scale, at sea 1979–2013 1979–2013 1979–2013 1979–2013 1979–2013
Fine-scale, fjords/coastal 2004–2014 (9) 2008–2013 2008–2013 2008–2013 2008–2013
Listed are the time periods for when data was available. For incomplete time series, numbers of years with data are given in parenthesis. Locations are listed in order of data extent.
See Methods and Supplement 1 for a full description of the variables. For location of the ice data areas, see Supplement 1, Figures S3 and S4.
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Sea Ice Data
Large-Scale Conditions at Sea
To assess large-scale conditions of sea ice, we downloaded data
on sea ice concentrations from the website of the University of
Colorado [see Supplement 1 (Methods—Large-scale sea ice data)
for link]. We extracted daily sea ice concentrations from the
period 1979–2013 (Table 1) from four 25× 25 km cells at each of
six different locations: southwest Spitsbergen, west Spitsbergen,
northwest Spitsbergen, north Spitsbergen, east Spitsbergen, and
east Greenland (Supplement 1, Figure S3). Sea ice formation and
disappearance follow a seasonal pattern with maximum concen-
trations in late winter (usually March) and minimum in autumn
(usually September). We therefore structured each year of data as
the period from 1 September to 31 August (Supplement 2, Figures
S1–S6). By using a threshold sea ice concentration of 30% based
on work in the Canadian Arctic (Iverson et al., 2014), we then
calculated two sea ice indices. The length of the ice season was
calculated as the number of days from the first day with sea ice
>30% to the last day with sea ice >30%. The latter was also used
to define the start of the ice-free season. When sea ice concen-
trations were never above 30% during a year, start of the ice-free
season was set at 0 (1 January). We also calculatedmonthly mean
sea ice concentrations for April, May, June and July.
Fine-Scale Conditions in Fjords and Coastal Sites
As opposed to the large-scale data, fine-scale data on sea ice con-
ditions were only available for the most recent years (Table 1).
We downloaded ice maps for 2004 and 2007–2014 (April–July)
from www.met.no/Hav_og_is to describe ice conditions in coastal
areas in relation to the timing of bird breeding seasons. The maps
are high-resolution sea ice concentration charts that are mainly
based on weather-independent images from the Radarsat-2 satel-
lite. The spatial resolution is sufficiently high (approximately
50m) to analyze ice conditions in coastal areas, including fjords.
Ice concentrations are classified by six categories. For the pur-
pose of our study, we selected the three densest categories:
dense drift ice (70–90% cover), very dense drift ice (90–100%),
and fast ice. Ice data were analyzed for the coastal areas of
Hornsund (southwest Spitsbergen), Bellsund/Van Mijenfjorden
(west Spitsbergen), Kongsfjorden/Krossfjorden (northwest Spits-
bergen), Woodfjorden (north Spitsbergen), Isbukta, Kvalvågen,
Dunérbukta, and Sørporten (east Spitsbergen), and Traill Island
(east Greenland) (see Supplement 1, Figure S4, for locations).
Annual ice availability was characterized in two ways: (1) the ice
data were aggregated by season to estimate the average amount
of ice; and (2) the sea ice data were subjected to a non-linear
(4-parameter) logistic regression (Sebaugh, 2011) to estimate the
date of peak ice melt. To do this, we extracted the inflection point
of the curves (the steepest part of the curve, midway the lower and
upper asymptotes) in these regressions. In addition, the ice data
were aggregated by 5-day periods to describe location-specific
melt patterns.
Statistics
We used the program R (version 3.1.1, R Development Core
Team, 2014) for statistical analyses. Linear models (lm) were
used to test for temporal trends of the ice indices. Annual num-
bers of bear days were analyzed as a function of year and loca-
tion by generalized linear models with a Poisson distribution. To
account for overdispersion in the data, a quasi-GLM (glm, fam-
ily = quasipoisson, link = log) was fitted to correct the standard
errors (Zuur et al., 2009). Non-significant terms (P > 0.05) were
dropped from the model to refit the model with the remaining
terms.
Logistic regression (glm, family = binomial, link = logit)
models were used to analyze annual polar bear presence (binary
response, 0 = no bears observed, 1 = at least one bear observed)
as a function of year, location and sea ice conditions. In order to
choose one index among the closely related variables for large-
scale sea ice conditions, we followed Iverson et al. (2014) and
started with comparing models that related bear presence to loca-
tion and the various sea ice indices (Supplement 4, Table S1).
Length of the ice season was the ice indexmost strongly related to
bear presence, and we used this variable in subsequent analyses.
To test to what extent polar bear presence was associated with ice
conditions, the first logistic regression model that we generated
included length of ice season and location as explanatory vari-
ables. Length of the sea ice season and year were closely correlated
(Supplement 3, Table S1), which precluded testing their effects
simultaneously. Instead, we tested if polar bears responded to
deviations in ice conditions from long-term trends by calculating
detrended values of length of the ice season, using the residu-
als from the regression of length of the ice season with year. The
second model, therefore, included year, location, and detrended
length of ice season as explanatory variables.
To test for trends over the years in within-season patterns,
we analyzed date of polar bear observations by a linear mixed
model (lme) with year (centered at the mean) as covariate for
the fixed variables. To account for within-year dependencies of
observations, year was included as a random factor. Analysis
was restricted to observations on Nordenskiöldkysten, the area
with most detailed bear observations. A similar analysis was per-
formed to test if bear occurrence was associated with variation
in the date of peak ice melt as a measure of ice phenology (see
above) in nearby fjords (Bellsund/Van Mijenfjord, indicated as
W in Supplement 1, Figure S4).
The ratios of the numbers of predations and numbers of nests
were compared among species by a Two-Way ANOVA including
species and year as factors.
Results
Temporal Trends in Sea Ice Conditions
Large-scale sea ice conditions changed substantially during 1979–
2013 in the study areas (Figure 2, Supplement 2, Figures S1–S6).
Monthly sea ice cover dropped significantly over time for almost
all months and all areas (Supplement 3, Table S1). In east Green-
land, sea ice cover did not decrease over time in April or May but
did so in June and July.
Length of sea ice season dropped over the years, on average by
3.5 days/year (Supplement 3, Table S1). The strongest decrease
was in north Spitsbergen (–5.5) and southwest Spitsbergen
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FIGURE 2 | Sea ice concentration (% cover) (left), length of the ice season (days) and start of the ice-free season (days from 1 January) (right) for the
period 1979–2013 in selected plots off Spitsbergen (E, SW, W, NW, N) and Greenland (E). Ice concentrations are given for April, May, June and July separately.
(–4.2), and the weakest was in east Spitsbergen (–1.7) and east
Greenland (–1.8).
Start of the ice-free season advanced by 2.0 days/year (see
Supplement 3, Table S1). The strongest advancement was in
northwest Spitsbergen (3.9 d earlier per year) and west Spits-
bergen (2.3), and weakest in east Spitsbergen (0.6) and east
Greenland (1.1).
Seasonal timing of the sea ice breakup varied among areas
(Figure 3). Sea ice dropped below a concentration of 30% during
the bird nesting season (=June to mid-July) in the open seas and
coastal areas of north and east Spitsbergen and in east Greenland,
and in the coastal area of west Spitsbergen. In other areas, sea ice
breakup occurred before the nesting season.
Bear Observations
Annual Number of Polar Bear Days
Polar bears were only occasionally seen in the summers of 1980–
2000 in the study areas on the west coast of Spitsbergen and
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FIGURE 3 | Left panels. Large-scale sea ice concentration (% cover)
throughout the months of April–July in areas off the coast of
Spitsbergen and Greenland. Separately indicated are averages for
1979–1984 and 2008–2013. Right panels. Local sea ice cover (area
covered by fast ice or drift ice denser than 70%) throughout April–July
in the fjords or coastal sites of Spitsbergen and Greenland (2008–2013).
Shading indicates the period of sea bird nesting (approximately 1
June–15 July for all areas).
east coast of Greenland. This changed drastically from the early
2000s onwards, when polar bears became regular summer vis-
itors (Figure 4). Annual numbers of bear days increased expo-
nentially, on average, by 15% each year (Table 2), a rate which
did not differ between locations (the interaction term between
year and location was not significant; Table 2). Bear numbers
differed among locations, with those in Kongsfjorden and Traill
Island being 31% and 61% of numbers on Nordenskiöldkysten
(Table 2).
Annual Probability of Polar Bear Presence
The probability of polar bears being present was negatively
related to length of the ice season (Figure 5A, Table 3A), indi-
cating that more bears were encountered on land in years
when the ice season was short. The intercept of the regres-
sion differed among locations, which underlines the additional
importance of spatial variation. Polar bear presence was not
related to detrended values of the length of the ice season
(Table 3B). We, thus, did not find evidence that bears respond to
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FIGURE 4 | The number of polar bear days in summer as a function of
year and location. Locations are Nordenskiöldkysten and Kongsfjorden on
Spitsbergen, and Traill Island in Greenland. The observation periods in summer
were June–July on Spitsbergen and 15 June–15 August on Traill Island. The
curves are based on the model in Table 2.
TABLE 2 | Modeling the number of polar bear days in June and July by
study location and year (1972–2014).
Parameter Estimate SE t-value P
Intercept 1.08 0.305 3.53 <0.001
Year 0.15 0.025 5.92 <0.001
Location-NK 0
Location-KF –1.16 0.386 –3.01 0.004
Location-TI –0.50 0.310 –1.61 0.112
Locations are Nordenskiöldkysten (NK), Kongsfjorden (KF), and Traill Island (TI). Data
were analyzed by Poisson GLM and corrected for overdispersion by a factor 5.30. Non-
significant terms were dropped from the final model. Model results are on a log scale.
Location Nordenskiöldkysten was used as the reference category.
Residual deviance 200.21, df = 69.
Terms not included in the final model: Year × Location.
Year was centered at the mean value and the intercept must be interpreted accordingly.
year-to-year fluctuations in sea ice deviating from the long-term
trend.
Associated with the ice effects, the probability of polar
bears being present in summer increased steeply over the years
(Figure 5B, Table 3B), with a similar rate of increase across
locations (the interaction term between year and location was
not significant). Notably, the significantly different intercepts for
the locations (Table 3B) showed that polar bears appeared in
each of the areas at different times (Figure 5B). Bears appeared
first in Hornsund in the 1990s. Later, polar bears appeared in
Bellsund, Traill Island, Nordenskiöldkysten, and Kongsfjorden
(Figure 5B).
Within-Season Occurrence of Polar Bears
On Nordenskiöldkysten, polar bear occurrence shifted forward
by 3.0 days/year (SE = 0.83; df = 7, t = −3.64, P = 0.008)
during 2004–2014 (Figure 6A). With respect to the date of peak
ice melt in adjacent fjords, the advancement was by 2.1 days/year
(SE = 1.36; df = 7, t = −1.52, P = 0.17). In a year-by-year
comparison, bear occurrence was not related to the date of peak
ice melt (df = 7, t = 0.31, P = 0.76).
FIGURE 5 | Probability of polar bear encounter in summer as a function
of (A) length of the ice season and location, and (B) year and location.
Locations are Hornsund, Bellsund, Nordenskiöldkysten and Kongsfjorden on
Spitsbergen, and Traill Island in Greenland. The observation periods were
limited to June–July on Spitsbergen and 15 June–15 August on Traill Island.
The curves are based on the logistic regression models in Table 3.
Polar Bear Predation in Bird Colonies
The number of barnacle goose nests in the main study
colony on Nordenskiöldkysten fluctuated between 340 (2004)
and 520 (2012), without a significant trend over the years
(y = 413.3 + 10.37 × Year (centered at the mean), R2 = 0.241,
P = 0.18). During this period, the number of successful nests
varied between 0 and 85, with the percentage of nests predated
by polar bears ranging from 0 to 91% (Figure 6B). Highest
predation occurred in the years when the first bears appeared
in June, well before bird eggs hatched (Pearson correlation
coefficient between predation rate and arrival date of the first
bear = –0.75, n = 9, P = 0.021). The average predation ratio
of barnacle goose nests (the ratio of number of predations and
number of nest sites) was 0.93 (SD 0.28) (Figure 7).
The average number of common eider nests was 140 (SD 25.8)
without a significant trend over the years 2009–2014 (y = 144.9 –
2.31 × Year (centered at the mean), R2 = 0.028, P = 0.75). The
predation ratio was 0.82 (SD 0.33), which is similar to that in the
barnacle goose (Figure 7).
The average number of glaucous gull nests in the main study
colony and surroundings was 45 (SD = 2.8). Gulls hatched their
eggs approximately 1 week earlier than barnacle geese and com-
mon eiders, but this did not make them less vulnerable to polar
bear predation. Gull chicks, which were reared in the colony,
were easy prey for bears. During 2009–2014, the predation ratio
was 0.93 (SD 0.08).
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TABLE 3 | Modeling the probability of polar bear presence in June and
July during 1979–2013 by (A) length of the ice season and study location,
and (B) year, detrended length of the ice season and study location.
Parameter Estimate SE z-value P
(A)
Intercept 5.294 1.281 4.13 < 0.001
Length of ice season −0.018 0.005 −3.72 < 0.001
Location-HS 0
Location-BS −0.686 0.634 −1.08 0.279
Location-NK −1.264 0.649 −1.95 0.051
Location-KF −2.710 0.801 −3.38 0.001
Location-TI 0.671 0.708 0.95 0.343
Residual deviance = 144.5, df = 116.
(B)
Intercept 2.413 0.796 3.03 0.002
Year 0.253 0.045 5.65 < 0.001
Detrended length of ice season −0.001 0.006 −0.20 0.845
Location-HS 0
Location-BS −2.319 0.969 −2.39 0.017
Location-NK −3.136 1.116 −2.81 0.005
Location-KF −3.918 1.097 −3.57 < 0.001
Location-TI −2.843 1.008 −2.82 0.005
Residual deviance = 94.6, df = 115.
Locations are Hornsund (HS), Bellsund (BS), Nordenskiöldkysten (NK), Kongsfjorden
(KF), Traill Island (TI). Data were analyzed by GLM with a binomial distribution. Location
Hornsund was the reference category in the analyses.
Discussion
When a new predator enters the scene, the delicate balance
between predators and their prey may be perturbed (Bell et al.,
2010; Sih et al., 2010). Polar bears colonizing coastal areas, from
which they have been absent for a long time, is an example of
this situation. Below, we discuss why polar bears have recently
extended their summer range toward the terrestrial habitats
of west Spitsbergen and east Greenland. We propose that the
increased number of bears on land predating bird nests is due
to the lack of sea ice on which bears can hunt seals in summer.
This process may have been strengthened in west Spitsbergen by
a recent expansion into areas that had been occupied by bears
year round before humans arrived but thereafter became devoid
of bears in summer. Lønø (1970) refers to an expedition led by
Jonas Poole in June–July in 1610 to western Spitsbergen, where
27 polar bears were killed and 5 cubs were captured alive (con-
firming the account of the Willem Barentsz’ voyage in 1596; de
Veer, 1598). Although polar bears must have been common in
summer in the area then, Lønø argues based on later reports from
Norwegian trappers that they were rarely encountered in summer
on the west coast in the 19th century. He also argues that a larger
local stock of bears may have been present year round before the
collapse of the walrus (Odobenus rosmarus) population.
Polar Bears on Land
The west coast of Spitsbergen has little sea ice in most years,
and summer observations of bears in the periods free of sea ice
FIGURE 6 | (A) Occurrence of polar bears on Nordenskiöldkysten (west
Spitsbergen) in summers 2004–2014 (no observations in 2005 and 2006).
95% of all nest predations took place between 9 June and 9 July (dates
160–190). Separately indicated are polar bears that predated bird nests and
those that were not observed eating eggs. The regression line (based on all
records in a linear mixed model) is y = 190.1 – 3.01 × Year; df = 7, t = −3.64,
P = 0.008; Year centered at the mean. (B) The proportions of barnacle goose
nest attempts aborted by polar bear predation in the main study colony on
Nordenskiöldkysten, 2004–2014. Numbers represent the sample size of
intensively monitored barnacle goose nests included in the analyses. na
means that no observations were available.
have been relatively rare at least in the later decades of the 20th
century. The east coast of Greenland hosts a polar bear popu-
lation that used to roam the extensive drift ice offshore, only
infrequently showing up at coastal tundra sites (Born et al., 1997;
Wiig et al., 2003; Laidre et al., 2013). The bears that we observed
during the past years were either in transit or they were exten-
sively feeding on eggs in bird colonies. Incidentally, polar bears
have also been observed feeding on carcasses of muskox (Ovibos
moschatus) (Greenland) or reindeer (Rangifer tarandus) (see also
Gormezano and Rockwell, 2013; Stempniewicz et al., 2014). The
presence of polar bears in areas that used to be devoid of bears,
often feeding on items that are regarded as relatively unimportant
energy sources compared to their staple food (Derocher et al.,
2004; Stirling, 2011), fits well with records from other parts of
the Arctic (Schliebe et al., 2008; Smith et al., 2010; Iverson et al.,
2014). This suggests that polar bears more frequently occurring
on land is a circumpolar phenomenon.
We hypothesized that occurrence of polar bears on land is
related to sea ice conditions. In line with earlier findings (Serreze
et al., 2007; Moe et al., 2009) we report a high rate of sea ice disap-
pearing. The large spatial variation in sea ice abundance and rate
of disappearance over the years corresponds to patterns found
at the scale of the entire Arctic (Cavalieri and Parkinson, 2012;
Meier et al., 2014). Average annual reduction in length of the ice
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FIGURE 7 | Intensity of polar bear predation on barnacle goose,
common eider and glaucous gull nests in the main study colony on
Nordenskiöldkysten during 2009–2014, as measured by the ratio of
numbers of predations and numbers of nest sites. A nest site may be
used by successive nest owners, and, therefore, nests were predated up to
three times within a single season. Indicated are the numbers of nests in the
colony. Ratios do not differ among species [F(2, 10) = 0.58, P = 0.57, while
accounting for year effects].
season, a proxy of polar bear habitat availability, dropped by 3.5
days per year. Within our selection of study areas, the smallest
reductions in ice season length occurred in east Spitsbergen and
east Greenland. The area of east Spitsbergen is very important to
the Barents Sea polar bear population (Lønø, 1970) due to the
cold water and good access to sea ice much of the year. However,
in summer and autumn, many of the bears that use this area in
winter and spring will be further east and north on the pack ice
(Mauritzen et al., 2001; Aars et al., 2009).
The number of bear days on land showed a consistent increase
after polar bears colonized a specific area, although the data sug-
gest a deceleration during the last couple of years of the study
period. Given the high degree of seasonal site fidelity in polar
bears (Mauritzen et al., 2001; Stirling et al., 2004; Zeyl et al., 2009;
Lone et al., 2013), we suppose that a more or less permanent
group of bears roamed the west coast of Spitsbergen in summer.
If so, this group may be on the order of a few dozen individ-
uals, based on the number of bears reported every year to the
marine mammal sighting database (http://mms.data.npolar.no/)
managed by the Norwegian Polar Institute. This number is also
in accordance with a survey in August 2004 when 31 bears
were counted along the coast of Spitsbergen (Aars et al., 2009),
although numbers on land may have increased since then. We,
thus, suspect that the number of polar bears along the west
coast consists of a modest fraction of the Barents Sea population
estimated at 2650 (Aars et al., 2009).
While some of the bears are likely local to the west coast of
Spitsbergen year round, others may be visitors from the fjords
in north Spitsbergen, and some are from east Spitsbergen. Visual
observations and telemetry data show that polar bears move with
drifting sea ice around the southern tip of Spitsbergen from
east to west, and often eastwards into Hornsund where they
may stay or cross the glacier back to Storfjorden on the east
coast (Lydersen et al., 2002; unpublished data, Norwegian Polar
Institute). This migration route linking the areas in east and west
likely explains why Hornsund was the area where bears occurred
earliest in the bird colonies.
Polar bear presence on land showed a strong negative rela-
tionship with the length of the ice season when accounting for
variation among locations. This is on par with recent studies that
showed a clear link between bear movements to terrestrial habi-
tats and sea ice conditions (Cherry et al., 2013; Iverson et al., 2014;
but see Stirling et al., 2004). That is not to say that sea ice condi-
tions are the only factor determining polar bear numbers and dis-
tribution. We found that year of observation was a stronger pre-
dictor of bear presence than length of the ice season, even though
both were closely correlated. This indicates that other factors
contributed to the trend of increasing numbers of bears on land.
An important reason for an increasing number of bears on the
west coast may be due to bears recolonizing areas where they used
to be present before they were heavily hunted for about a hundred
years, until 1973 (Lønø, 1970). Maternity denning in areas of west
Spitsbergen has not been described in earlier literature despite
several dedicated studies but has been recorded several times in
recent years (Andersen et al., 2012). A recolonization may also be
triggered by a likely increase in the population size at least until
recently (Derocher, 2005). It seems, therefore, that an increasing
number of bears have started using the west coast, searching land
for food when sea ice is absent.
The population in east Greenland is still hunted, although
not at the intensity as in Svalbard in former days (Rosing-Asvid,
2002), and the increased occurrence on land is, thus, not likely to
be explained by recolonization. Instead, a shift in habitat use may
be associated with a decrease in sea ice habitat; thus, bears are
forced onto land for longer periods than in earlier years. It seems,
therefore, that large-scale processes, such as climate and subse-
quent habitat changes, are a common driver but that population
history plays an additional role.
Habitat choice depends on the quality of each of the habi-
tats considered (Fretwell and Lucas, 1970), and any change in
quality is reflected in allocation of time over the habitats (Mau-
ritzen et al., 2003; Schreiber, 2012). Thus, the changes in polar
bear numbers that we observed might be due to—or strength-
ened by—developments in the recently colonized coastal habitat.
Use of bird eggs as a food source for polar bears was already
described by Lønø (1970) in Svalbard. It has been suggested that
eggs allow individual bears to have a high energy intake (Rock-
well and Gormezano, 2009). During the past decades, this poten-
tial food source became more widespread in the coastal zones of
Spitsbergen (Drent et al., 1998) and Greenland (Madsen et al.,
2011). Concurrent with the growth of the Svalbard goose popu-
lations, goose numbers in coastal areas have increased by a factor
of three (barnacle geese) or four (pink-footed geese) (Mehlum,
1998; Goosemap et al., 2013; Black et al., 2014). Other alternative
food sources may also further increase the value of the summer
habitat to these bears. Increasing numbers of harbor seals (Phoca
vitulina) have been spreading along the coasts of Spitsbergen in
later years (Lydersen et al., 2002). Walrus haul-out sites are also
increasing, due to a fast growing population (Kovacs et al., 2014).
In Greenland, muskox carcasses may also be a source of energy
for polar bears on land. Due to the increasing frost–melt events
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in winter during the last decades (Gilg et al., 2009), the number
of available carcasses has increased (BS, unpublished data).
Earlier Arrival on Land by Polar Bears
Polar bears occurred at the coastal site of Nordenskiöldkys-
ten earlier each year, and we have obtained evidence that bears
arrived progressively earlier relative to the date of peak sea ice
melt. Due to this rapid advancement, polar bear occurrence has
undergone a striking change relative to the breeding season of
colonial birds, in particular geese and eider. Initially, bears used
to show up from the end of incubation onwards, whereas in most
recent years, the first bears arrived during the early nest phase.
This suggests that bears have adapted seasonal movements after
experiences with new food resources. The phenomenon of bears
returning to familiar, profitable sites is in agreement with the
observation that polar bears repeatedly visit areas where they
have been before (Mauritzen et al., 2001; Zeyl et al., 2009; Ander-
sen et al., 2012; Lone et al., 2013). Our observations additionally
suggest that polar bears adapt quickly once they have discov-
ered new hunting opportunities. Indeed, there is strong pressure
for early exploitation: (1) to hit the peak of egg availability; (2)
to arrive before competing bears; and (3) to arrive before birds
abandon their nests en masse as may happen at any time during
inclement weather, which is what occurred during the breeding
season of 2013.
Polar Bear Predation on Eggs
Polar bear predation was particularly severe on offshore island
colonies of barnacle geese, common eiders and glaucous gulls.
Some polar bears also preyed on aggregations of pink-footed
goose nests further inland (Prop et al., 2013). Earlier arrival by
bears in the colonies resulted in higher proportions of predated
nests. Predation often led to nest territories being occupied by
goose pairs that otherwise might have had difficulties in obtain-
ing a nest site (Black et al., 2014), which increased the number of
eggs available to bears later in the season.
Adult survival is a main determinant of population growth
rates in long-lived species (Caswell, 2001). Reproductive costs
are usually high due to impaired survival of successful pairs
(Black et al., 2014). As such, a single predation event may not
reduce the lifetime reproduction of an individual much because
of the chances to reproduce another year. Breeding failure in
Arctic-nesting birds is common, due to inclement weather or
adverse snow conditions (Prop and de Vries, 1993; Yannic et al.,
2014), and birds rely on the most favorable (and consequently
most productive) years. However, polar bear predation will lower
the reproductive outputs during favorable years. When possibil-
ities to compensate an annual 10–15% mortality (Wilson et al.,
2007; Allard et al., 2010; Black et al., 2014) are lost in any year,
maintaining the local population at a constant level is unlikely.
Surprisingly, the numbers of nests in the colony for either
species remained relatively stable (Figure 7), which suggests that
recruitment took place by birds arriving from elsewhere.
Polar bears act as top-predators in marine ecosystems or
coastal ecosystems between sea and land. They have been docu-
mented to play a role in the population dynamics of light-bellied
brent geese (Branta bernicla hrota) by visiting breeding loca-
tions in eastern Svalbard in years with dense sea ice in summer
(Madsen et al., 1998). Our observations indicate that the ecolog-
ical amplitude of polar bears in the Arctic ecosystem has broad-
ened. We witnessed: (1) polar bears extending their range toward
the coastal areas of west Spitsbergen and east Greenland; and (2) a
persistent effect of polar bears on colonial breeding birds, includ-
ing barnacle geese, common eiders and glaucous gulls, by high
predation rates. We obtained evidence that these changes were
driven by shifts in sea ice conditions, but we cannot rule out the
possibility of a complex set of corroborating factors. Neverthe-
less, the number of polar bears exploiting the coastal habitat was
small, and we suspect that there is little scope for further increase
in numbers. This underlines the importance of the sea ice habitat
to support current population levels of polar bears.
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